INTRODUCTION
Replication of chromosomes is strictly regulated to ensure that all copies are replicated exactly once per cell cycle [1, 2] . In all branches of life, the replication is controlled at the initiation stage. Therefore the events that occur at the replication origin play a central role in the cell cycle. In bacteria, replication starts at the unique site, oriC (origin of chromosomal replication), and continues bidirectionally around the chromosome until the two replication forks meet in the terminus region opposite to the oriC or reach chromosomal ends. Initiation of bacterial chromosome replication is mediated by the initiator DnaA protein, which interacts with repetitive, non-palindromic, nonamer sequences, the DnaA boxes, which are localized within the oriC region [3, 4] . Among bacteria, the initiation of replication is best understood in Escherichia coli. Binding of 10-20 DnaA protein molecules to five DnaA boxes of the E. coli oriC region promotes unwinding within the AT-rich region of the oriC [4] . TB (tuberculosis) kills 2 million people each year. This global epidemic is growing and becoming more dangerous. The World Health Organization (http://www.who.int/en/) estimates that between 2002 and 2020, approx. 1000 million people will be newly infected, over 150 million people will get sick and 36 million will die of TB, if control is not further strengthened. In man, TB is usually caused by Mycobacterium tuberculosis. The genus Mycobacterium includes numerous species ranging from rapid-growing organisms, M. smegmatis and M. fortuitum (generation time is 3-4 h), to slow-growing organisms, such as M. tuberculosis (24 h ) and M. leprae (2 weeks) [5] . Assuming that the rate of chromosomal DNA synthesis in mycobacteria is approximately the same as in other bacterial organisms (such as E. coli), the mycobacterial DNA replication machinery must be completely repressed for most of the cell cycle, particularly in slow growers. Recently, the genome sequences of four different mycobacteria species including two M. tuberculosis strains [6, 7] were determined. However, our knowledge of mycobacterial cell cycle and initiation of chromosome replication is scarce. In spite Abbreviations used: IPTG, isopropyl β-D-thiogalactoside; Ni-NTA, Ni 2+ -nitrilotriacetate; oriC, origin of chromosomal replication. 1 To whom correspondence should be addressed (email zakrzew@immuno.iitd.pan.wroc.pl).
of the fact that the DNA fragments containing the dnaA-dnaN intergenic region from M. avium, M. leprae, M. smegmatis and M. tuberculosis were shown to promote autonomous replication [8] [9] [10] [11] [12] , little is known about interactions between the two key elements of the initiation of mycobacterial chromosome, oriC and DnaA protein. In contrast with E. coli, the structure of mycobacterial oriC region is more complex; the oriC is longer than the one in E. coli and possesses numerous 'non-perfect' DnaA boxes. Each of the 13 DnaA boxes located within the M. tuberculosis oriC [12] region differs at least by one base from the perfect E. coli DnaA box (TTATCCACA). Thus it is important to understand more of the initiation of DNA replication in these slow-growing organisms. In the present study, we describe the procedure for purification of the soluble M. turbeculosis DnaA protein and we characterize binding requirements of this protein. • C. Antibiotics were used at the following concentrations: ampicillin (100 µg/ml) for E. coli, kanamycin (30 µg/ml) for plasmids and tetracyclin (12.5 µg/ml) for Epicurian Coli TM XL1-Blue.
MATERIALS AND METHODS

Bacterial
DNA manipulations
Cosmids, plasmids and DNA fragments were purified using kits according to the manufacturer's instructions (Qiagen, Chatsworth, CA, U.S.A.). DNA fragments for DNase I footprinting experiments and gel retardation were PCR-amplified using primers, one of which was 5 -end-labelled using [γ -32 P]ATP and T4-polynucleotide kinase. Enzymes were supplied by Roche, MBI Fermentas (Vilnius, Lithuania) and Gibco BRL (Gaithersburg, MD, U.S.A.). Isotopes were obtained from MP Biomedicals (Irvine, CA, U.S.A.). The oligonucleotides used for PCR or for sequencing were from Bionovo (Bioresearch Laboratory & Biochemicals, Legnica, Poland). DNA sequencing was performed using a Thermo Sequenase cycle sequencing kit (Amersham Biosciences).
DnaA purification
The M. tuberculosis dnaA gene PCR amplified by p dnaABamHIfw and p dnaANotIrv primers (using cosmid I441 as a template) was cloned into pGEM-T Easy. The authenticity of the pGEM-T EasyMtdnaA construct was checked by sequencing of both strands. The dnaA gene was cut out from the pGEM-T EasyMtdnaA by BamHI, NotI and cloned into pET-28a(+) vector using the same restriction sites. The E. coli BL21 cells were transformed with pET-28a(+)His 6 MtdnaA plasmid. The His 6 MtDnaA protein was overproduced from a 2-litre culture of E. coli BL21 cells containing pET-28a(+)His 6 MtdnaA plasmid, by 3 h induction with 0.05 mM IPTG (isopropyl β-D-thiogalactoside) at 30
• C. The cells were harvested by centrifugation (4500 g, 10 min, 4
• C). The pellet was frozen at − 80
• C and kept until further purification steps. The bacterial pellet was thawed and suspended in icecold buffer L [25 mM Hepes/KOH (pH 7.6), 100 mM potassium glutamate and 5 mM 2-mercaptoethanol] (4 ml/g of wet biomass) with addition of one tablet of Complete Mini, EDTAfree Protease Inhibitor Cocktail Tablets (Roche) [14, 15] . The lysozyme was added to a final concentration of 1 mg/ml and the cell suspension was incubated on ice for 30 min. The cells were lysed by sonication and centrifuged at 34 500 g for 50 min. The supernatant was precipitated with 0.34 g/ml ammonium sulphate. The precipitated proteins were centrifuged at 27 000 g for 30 min, the pellet was suspended in 2.5 ml of LG buffer [45 mM Hepes/KOH (pH 7.6), 200 mM potassium glutamate, 10 mM magnesium acetate, 0.5 mM EDTA and 5 mM 2-mercaptoethanol] and desalted on a PD-10 column (Amersham Biosciences) according to the manufacturer's instructions. The sample was loaded on to the Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose column, previously equilibrated with LG buffer. After washing with LG buffer, the His 6 MtDnaA protein was eluted with an imidazole gradient (1-100 mM imidazole in LG buffer). The fractions were collected and analysed by SDS/PAGE.
Gel retardation assay
For binding assays, 32 P-labelled DNA was incubated with DnaA protein in the presence of non-specific competitor [poly(dI/dC); Roche] at room temperature (20 • C) for 30 min in Marians' binding buffer [20 mM Hepes/KOH (pH 7.6), 5 mM magnesium acetate, 1 mM EDTA, 4 mM dithiothreitol, 0.2 % Triton X-100, 3 mM ATP and 50 µg/ml BSA] [16] . The bound complexes were separated by PAGE (4 or 6% gel) [0.25× TBE (22.25 mM Tris/ borate/0.25 mM EDTA), at 4 V/cm, 4
• C]. Gels were dried and analysed by a Typhoon 8600 Variable Mode Imager and ImageQuant software.
Electron microscopy
Electron microscopy analysis of DnaA-DNA interactions was performed by the method described previously [18] . Briefly, the M. tuberculosis oriC region was PCR-amplified using p MtoriCfw and p GEM-T Easyrvbiot primers ( Table 1 ). The PCR DNA fragment was purified by filtration through Amicon Microcon-PCR Centrifugal Filter Devices (Millipore) and then DNA was incubated with streptavidin (Promega) for 5 min at room temperature. Excess of streptavidin was removed by filtration as above. M. tuberculosis DnaA protein was incubated at room temperature with the biotin/streptavidin DNA fragment in binding buffer (as indicated above). After fixation in 0.2 % glutaraldehyde (15 min, room temperature), samples were prepared for electron microscopy by adsorption on mica [19] . They were analysed with a transmission electron microscope (Philips CM100) at 60 kV. The lengths of DNA fragments and the position of complexes were measured by using an electronic digitizer and evaluated with a computer program [14] .
DNase I footprinting
The 5 -end-radiolabelled DNA fragments (approx. 10 fmol) were incubated with different amounts of DnaA protein in binding buffer (see above) at room temperature for 30 min. Then DNase I digestion was performed as described by Majka et al. [17] . The DNase I cleavage products were separated in an 8 % polyacrylamide/urea sequencing gel. Gels were dried and analysed by a Typhoon 8600 Variable Mode Imager and ImageQuant software.
RESULTS
Expression and purification of a soluble M. tuberculosis DnaA protein
The vector pET-28a(+) was chosen to overexpress the M. tuberculosis DnaA as a His-tagged protein (see the Materials and methods section for details). To isolate the recombinant His 6 MtDnaA protein in its native form, the best conditions for expression of the soluble protein in E. coli were established. E. coli BL21 cells harbouring the pET-28a(+)His 6 MtdnaA vector were grown to an A 600 0.65 at 37
• C, and then the expression of the His 6 MtDnaA protein was induced in the presence of a low concentration of IPTG (0.05 mM) at the reduced temperature (30
• C) (Figure 1 ). The resulting His 6 MtDnaA fusion protein (60.1 kDa, Figure 1 ) was purified from the soluble fraction by affinity chromatography on the Ni-NTA-agarose column as described in the Materials and methods section. The His 6 MtDnaA protein, similar to other DnaA proteins, exhibits a tendency to aggregate. Application of potassium glutamate in the isolation buffer (adapted from [14, 15] ) significantly reduced self-aggregation of the His 6 MtDnaA protein molecules during the purification procedures. Our procedure allowed us to isolate approx. 2.5 mg of soluble His 6 MtDnaA protein from 1000 ml of E. coli BL21 culture. The purified His 6 MtDnaA protein was more than 98 % homogeneous as judged by SDS/PAGE analysis ( Figure 1 , fractions from tracks 14-15).
Binding requirements of the M. tuberculosis DnaA protein
Comparison of DnaA boxes from several Mycobacteria oriC regions allowed the consensus sequence to be determined: TT(G/C)-TCCACA (named a 'perfect' DnaA box) [8] . It corresponds to the Streptomyces consensus sequence for DnaA box (TTGTCCACA) [20] . To elucidate the binding requirements of the His 6 MtDnaA protein, gel retardation assays were performed. In our studies, the following four DNA fragments were chosen: (i) oligonucleotides containing a single DnaA box; (ii) oligonucleotide containing two DnaA boxes: the 'perfect' DnaA box and a DnaA box with one mismatch; (iii) the M. tuberculosis oriC region; and (iv) DNA fragment that does not contain any DnaA box motif (non-DnaA box fragment) (Figure 2) . 32 P-labelled DNA fragments were incubated with various amounts of the His 6 MtDnaA protein, and then nucleoprotein complexes were analysed in a native polyacrylamide gel. A single DnaA box, including the 'perfect' one, was not bound by the His 6 MtDnaA even at high protein concentration (250 nM, Figure 2A ), whereas incubation of the His 6 MtDnaA protein with the DNA fragment containing two DnaA boxes caused the appearance of bands with decreased mobility already at 5 nM protein concentration ( Figure 2B) . Incubation of the His 6 MtDnaA protein with the oriC region led to the formation of very high-molecular-mass complexes ( Figure 2D , tracks 5-8), indicating that the multiple DnaA-binding motifs and/or proteinprotein interactions were engaged in the formation of the analysed complexes. Specificity of the interaction between the M. tuberculosis DnaA and the oriC region is corroborated by the inability of the His 6 MtDnaA protein to form high-molecular-mass complexes with the DNA fragment (348 bp) that lacks the DnaAbinding site (non-DnaA box DNA, Figure 2C ). However, it has to be noted that at high protein concentration, a fast migrating complex appeared when the non-DnaA box fragment was incubated with the His 6 DnaA. This may suggest that a longer DNA fragment is unspecifically bound by the His 6 MtDnaA protein. Incubation of the oriC region with low amounts of the His 6 DnaA protein also led to the formation of low-molecular-mass complexes. However, these complexes may represent not fully matured nucleoprotein complexes.
Thus taking into account the results of gel retardation assays, it could be concluded that the M. tuberculosis DnaA protein requires at least two DnaA boxes for efficient binding. 
Identification of DnaA-binding sites within the M. tuberculosis oriC region
A total of 13 putative DnaA box motifs, each with at least one mismatch from the consensus sequence, were found within the oriC region of M. tuberculosis [10] (Figure 3) . Such a relatively high abundance of 'non-perfect' DnaA boxes raised the question of how many of them are specifically bound by DnaA protein. To answer this question, the interactions between the His 6 MtDnaA protein and multiple putative DnaA boxes of the oriC region were analysed by electron microscopy and DNase I footprinting.
For electron microscopy analysis, the M. tuberculosis oriC region was PCR-amplified using a pair of primers p MtoriCfw and biotinylated p GEM-T Easyrvbiot . The PCR product was labelled with a streptavidin that served as reference point for measurements of the position of the nucleoproteins complex. At a ratio of 0.5:1 DnaA protein/DnaA box, the nucleoprotein complexes visualized by electron microscopy were small and their numbers did not exceed one or two per DNA molecule. The relative positions of the analysed nucleoprotein complexes corresponded to the position of most of the putative DnaA boxes along the oriC region (Figure 4) . Within the analysed oriC region, the DnaA protein forms four separated complexes. The highest incidence of protein binding occurred at the two adjacent DnaA boxes (9th and 10th) and at the 3rd DnaA box, the only DnaA box with a single mismatch (Figures 3 and 4) . Interestingly, the single 11th DnaA box separated from other boxes is also bound by the His 6 MtDnaA protein. The lowest incidence of protein binding took place at the more distal DnaA boxes (12th and 13th). According to the electron microscopy analysis, 1st and 2nd DnaA boxes were not bound at all. However, if putative-binding motifs are located close to the ends of the analysed DNA fragment, protein binding is frequently not observed (protein slips off the ends). (Table 1) as a template and pairs of primers: p MtoriCfw , 32 P-pGEXrv and pGEXrv, 32 P-pGEXfw (Table 1) For DNase I footprinting, two DNA fragments (representing the entire M. tuberculosis oriC region) labelled at one 5 -end (lower and upper strands) were incubated with various amounts of the His 6 MtDnaA protein, and then subjected to limited DNase I cleavage ( Figure 5 ). DNase I footprinting analyses corroborate electron microscopy results; the protected sites correspond to the locations of nucleoprotein complexes visualized by electron microscopy ( Figure 5 ; results not shown). DNase I footprinting also showed that DnaA boxes 1 and 2 are not bound by the His 6 MtDnaA protein ( Figure 5 ; although the boxes are located far away from the ends of the DNA fragment exposed to the DNase I), whereas the two single DnaA boxes 3 ( Figure 5 Recently, it has been reported that two mycobacterial DnaA proteins (M. avium and M. tuberculosis) [21, 22] were isolated. However, both proteins were purified from inclusion bodies as His-tagged proteins on Ni 2+ -affinity column under denaturing conditions. To avoid these problems, we designed the procedure for isolation of the M. tuberculosis DnaA protein in its native form from the E. coli BL21 cells harbouring pET 28a(+)His 6 MtdnaA expression vector. Reduction of temperature and concentration of the inducer (IPTG) during expression of the recombinant His 6 MtDnaA protein allowed us to obtain the protein in soluble fraction in sufficient quantity for purification on affinity chromatography. The purified His 6 MtDnaA protein was used for investigating its binding properties.
The oriC region of M. tuberculosis, unlike its E. coli counterpart, possesses 13 putative DnaA boxes, which differ significantly from the 'perfect' E. coli sequences (TTATCCACA). The consensus sequence for Mycobacterium DnaA box is TTG/CT-CCACA [8] . Within the M. tuberculosis oriC, there is only one DnaA box with a single mismatch from the consensus sequence (DnaA box no. 3, Figure 3 ). The remaining DnaA boxes differ by two or even three bases from the Mycobacterium consensus sequence. The M. tuberculosis oriC region contains the same number of DnaA boxes as the oriC region from Thermus thermophilus [23] . However, within the latter, all but two of the 13 DnaA sequences match the E. coli 'perfect' DnaA box.
As demonstrated by gel retardation analysis, the His 6 MtDnaA does not bind a single DnaA box, not even the Mycobacterium consensus sequence DnaA box (TTGTCCACA; Figure 2A) . Recently, in contrast with our results, Dziadek et al. [24] showed by surface plasmon resonance technique that the M. tuberculosis DnaA protein binds a single DnaA box with three mismatches from the consensus sequence (DnaA box no. 4, CCGTTCACA). However, our DNase I footprinting as well as electron microscopy analyses demonstrated that this DnaA box, being in the vicinity of other DnaA boxes, is not efficiently protected by DnaA protein (see Figures 4 and 5) . In addition, DnaA box 4 is not essential for oriC function; mutations in this DnaA box did not abolish chromosome replication [24] .
Our gel retardation assay demonstrated that if another DnaA box accompanies the 'perfect' one, both of them are bound with a high affinity by the M. tuberculosis DnaA ( Figure 2B ). Thus, in contrast with E. coli, all other DnaA proteins from Helicobacter pylori, Streptomyces lividans as well as M. tuberculosis require two DnaA boxes for efficient binding if these contain mismatches. The DnaA protein of T. thermophilus requires even more DnaA boxes for efficient binding (at least three 'perfect') [23] . Our results suggest that interaction of the M. tuberculosis DnaA with two DnaA boxes exhibits co-operativity.
Electron microscopy as well as DNase I footprinting demonstrated that the purified His 6 MtDnaA protein binds to four specific regions, which correspond to the location of 11 out of the 13 previously identified DnaA boxes within the M. tuberculosis oriC. Two DnaA boxes located at the 5th end of the oriC region are not bound by the His 6 MtDnaA protein. Salazar et al. [9] have identified only seven putative DnaA boxes within the M. tuberculosis oriC region. Our electron microscopy studies demonstrated that the M. tuberculosis DnaA protein binds preferentially the
